Significance Statement {#s1}
======================

Poly (ADP-ribose) polymerase-1 (PARP-1) plays critical roles in neuronal function. Recently, PARP-1 and PARylation have been described as a novel regulator of cocaine addiction and reward. However, the cellular pathways and mechanisms that regulate PARP-1 expression in neurons are unknown. We have identified that the cellular miRNA "miR-125b" negatively regulates PARP-1 protein expression. In addition, we have established that cocaine-induced upregulation of PARP-1 is dependent on miR-125b expression. These results elucidate the mechanism of PARP-1 regulation by cocaine and uncover a novel pathway for the cellular and molecular effects of cocaine.

Introduction {#s2}
============

Cocaine increases dopaminergic neurotransmission in key regions of brain and causes alterations in gene expression that play critical roles in reward and addiction ([@B50]; [@B43]; [@B28]). Cocaine exposure regulates gene expression by inducing chromatin remodeling via acetylation, methylation, and phosphorylation of histones and methylation of DNA ([@B9]). Additionally, post-transcriptional regulation of gene expression by cellular microRNAs (miRNA) has also been reported for cocaine action ([@B48]; [@B15]; [@B62]). Recently, poly ADP-ribosylation (PARylation) of chromatin by PAR polymerase-1 (PARP-1) has been described as a novel chemical modification for the long-term effects of cocaine ([@B54]). PARP-1 catalyzes the synthesis of the negatively charged polymer PAR on specific amino acids of target proteins ([@B30]). Accordingly, PARylation of histones has been shown to regulate gene expression via decondensation of chromatin ([@B17]; [@B58]).

PARP-1 is a DNA damage sensor ([@B60]) and plays important roles in the normal function and diseased conditions of brain ([@B19]; [@B11]; [@B2]). PARP-1-mediated PARylation plays key roles in learning and memory ([@B11]; [@B17]; [@B59]). Recently, it has also been reported that PARP-1 and PARylation are involved in cocaine-induced molecular, neural, and behavioral plasticity ([@B54]). For example, chronic exposure to cocaine induced expression and activity of PARP-1 in the nucleus accumbens (NAc), a key brain reward region, of rodents. Importantly, cocaine-induced PARP-1 expression enhanced transcription of genes that are important in synaptic formation and dendritic plasticity ([@B54]). These findings and others illustrate the important functions of PARP-1 and PARylation in addiction and reward. However, the mechanism and the cellular pathways that regulate PARP-1 in neurons are not identified. Several studies report transcriptional regulation of PARP-1 expression, since PARP-1 promoter sequences of human, mice and rat contain binding sites of transcriptional factors, including Sp1, YY1, AP-2, ETS, and NF-1 ([@B45]; [@B21]; [@B63]; [@B12]). Additionally, there are two reports suggesting post-transcriptional regulation of PARP-1 expression. In cancer cell models, the cellular miRNA "miR-124" has been shown to regulate PARP-1 ([@B64]), whereas miR-223 expression was negatively correlated with PARP-1 levels ([@B40]). Surprisingly, regulation of PARP-1 gene expression in neuronal cells remains largely obscure.

We have identified miR-125b as a key post-transcriptional regulator of PARP-1 expression in neuronal cells. miR-125b is a highly conserved cellular miRNA ([@B32]) that regulates a network of genes involved in neuronal differentiation and function (Le et al., 2009). Our results show that acute and chronic cocaine exposure resulted in the downregulation of miR-125b concurrent with upregulation of PARP-1 in a dopaminergic neuronal cell model. Additionally, cocaine treatment resulted in the reduction in miR-125b levels and induction of PARP-1 in NAc of mice but not in medial prefrontal cortex (PFC) or ventral tegmental area (VTA). *In silico* analysis identified a binding site of miR-125b in the 3'-untranslated region (3'UTR) of PARP-1 mRNA that is conserved in various mammalian species. Knockdown and overexpression experiments demonstrate that PARP-1 expression is negatively correlated with miR-125b levels. Luciferase reporter assay show that miR-125b expression negatively regulates the activity of PARP-1 3'UTR and site directed mutagenesis confirm the direct binding of miR-125b to the PARP-1 3'UTR. Finally, we define that cocaine's effect on miR-125b/PARP-1 axis is dependent on its binding to dopamine transporter (DAT). These studies establish that miR-125b is a key post-transcriptional regulator of PARP-1 in neurons.

Materials and Methods {#s3}
=====================

Reagents {#s3A}
--------

Cocaine hydrochloride, all-trans-retinoic acid (ATRA), and nomifensine were purchased from Sigma-Aldrich. Anti-PARP-1 and anti-caspase-9 antibodies were from Cell Signaling Technology, anti-DAT and anti-tyrosine hydroxylase (TH) antibodies were purchased from Abcam and anti-GAPDH and anti-β actin antibodies were procured from Sigma-Aldrich.

Cell culture and cocaine treatment {#s3B}
----------------------------------

Human neuroblastoma cell line (SH-SY5Y) was purchased from American type Culture Collection and was maintained in a 1:1 mixture of DMEM and Ham's F12 medium (Gibco) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Gibco), 2 mM glutamine, and 1% antibiotics (penicillin-streptomycin) at 37°C in a humidified 5% CO~2~ atmosphere. For differentiation, the maintenance media was replaced with serum-free medium supplemented with ATRA at a final concentration of 10 μ[M]{.smallcaps} and the cells were cultured for 4-6 d with change of media every alternate day. In all the experiments, appropriate number of SH-SY5Y cells were seeded and after differentiation, treated with cocaine in a dose-dependent manner from 1 μM to 100 μM. These concentrations were used based on published literature that highlight their physiologic relevance ([@B57]; [@B41]; [@B47]; [@B29]; [@B6]; [@B22]). The HEK-293T cells with stable expression of YFP-tagged DAT was grown and maintained in DMEM supplemented with 10% (v/v) heat-inactivated FBS, 2 mM glutamine, and 1% antibiotics (penicillin--streptomycin) at 37°C and 5% CO~2~. For acute treatment, cells were treated with cocaine overnight, whereas for chronic treatment, cells were exposed to cocaine once daily for 7 d.

Phase contrast microscopy {#s3C}
-------------------------

SH-SY5Y cells were cultured and maintained in serum free-differentiation medium for 5 d on collagen coated six-well plates. Phenotypic changes were observed and monitored under bright field microscope. The differentiation was assessed by changes compatible with neuron-like morphology and neurite outgrowth from the cell body. Neurite extensions on captured images were measured using ImageJ 2.0 software (NIH) and lengths of individual neurites were calculated in pixels. Calculated values of neurite lengths were plotted as an average of field views for each sample (*n* = 10).

Immunostaining and confocal microscopy {#s3D}
--------------------------------------

SH-SY5Y cells were seeded and differentiated on collagen coated glass coverslips. After differentiation the cells were fixed with 3.7% formaldehyde in PBS (1×) for 30 min, washed two times in PBS (1×) followed by blocking/permeabilization in a solution of PBS (1×) containing 10% FBS and 0.1% Triton X-100 for 30 min at room temperature. The cells were then stained at room temperature for 30 min with rat anti-DAT \[1:200\] and rabbit anti-TH (1:1500) prepared in blocking/permeabilization solution. Following incubation, the cells were washed three times with PBS (1×) for 5 min and then incubated with secondary antibodies such as chicken anti-rat IgG Alexa Fluor 488 conjugate and donkey anti-rabbit IgG Alexa Fluor 546, prepared in blocking/permeabilization solution, respectively, at room temperature for 30 min. The cells were then washed three times with PBS (1×) and mounted with ProLong Gold Antifade reagent with DAPI (Life Technologies) for nuclear staining on to glass slides. Confocal images were acquired using a Nikon TE2000-U laser-scanning confocal microscope, and data analysis was performed with NIS-Elements AR software (Nikon).

Real-time PCR analysis {#s3E}
----------------------

For measuring miRNA expression, total RNA was isolated by using miRNeasy mini kit (QIAGEN) as per manufacturer's instructions. The cDNA was synthesized from the isolated total RNA using the miRCURY LNA Universal RT cDNA Synthesis kit (Exiqon). SYBR Green-based quantitative real-time PCR (qPCR) was used to quantify miR-125b or 5s ribosomal RNA (5srRNA) in a reaction mixture containing 50 ng of the cDNA as template and 300 nM LNA-based primers specific for miR-125b and 5srRNA (Exiqon). qPCR assay was performed in a C1000 Touch CFX96 system (Bio-Rad) as per manufacturer's instructions. The expression levels (Ct values) of miR-125b are normalized to expression levels of 5s rRNA as ΔCt values. For multiple samples involving untreated control and treated samples, the relative expression levels of miR-125b is expressed as 2-Δ Ct values by comparing the ΔCt values of untreated control to the treated samples. Fold change in miR-125b expression was calculated by comparing the 2-Δ Ct values of the treated sample with that of untreated control.

For measuring PARP-1 mRNA expression, total RNA was isolated from untreated- and cocaine-treated cells and tissues using RNAesy Mini kit (QIAGEN) and cDNA synthesis was conducted using iScript cDNA synthesis kit (Bio-Rad). qPCR assay was performed by subjecting 50 ng of cDNA to iTaq Universal SYBR Green chemistry (Bio-Rad) using primers specific for PARP-1 (forward: 5'-GAGGTGGATGGGTTCTCTGA-3' and reverse: 5'-ACACCCCTTGCACGTACTTC-3') and GAPDH (forward: 5'-GAAGGTGAAGGTCGGAGTC-3' and reverse: 5'-GAAGATGGTGATGGGATTTC-3') as per manufacturer's instructions. The expression levels of PARP-1 mRNA were normalized to that of GAPDH mRNA levels. Relative expression of PARP-1 mRNA in untreated control and treated samples is expressed as 2-Δ Ct values as described previously and fold changes are calculated by comparing the 2-Δ Ct values of the treated sample with that of untreated control.

Bioinformatics analysis {#s3F}
-----------------------

Prediction of miR-125b binding sites in the 3'UTR of the *PARP-1* gene was conducted by submitting the miR-125b sequence and 3'UTR sequence of the *PARP-1* gene (Genbank accession number: [NM_001618.3](https://www.ncbi.nlm.nih.gov/nuccore/156523967)) to RNAhybrid 2.1 ([@B49]) using default parameters. RNAhybrid analysis revealed three putative miR-125b binding sites in the PARP-1 3'UTR based on sequence match and predicted secondary structures. The putative targets obtained were further analyzed for sequence conservation across mammalian species using Clustal Omega multiple sequence alignment program ([@B55]). The sequence with the highest identity (\>90%) highlighted its functional significance and was chosen for further analyses in this study.

Western blotting {#s3G}
----------------

SH-SY5Y cells were treated with various concentrations of cocaine for 24 h, after which the cells were harvested and washed with PBS (1×). Cell lysates were prepared using standard protocol and total protein concentrations were quantified by BCA protein assay (Pierce). Equal amounts of total protein from cell lysates were electrophoresed on SDS-polyacrylamide gels and transferred to nitrocellulose membranes using a semidry blotter (Bio-Rad). Membranes were blocked with 5% (w/v) nonfat milk in Tris-buffered saline (TBS; pH 8.0; Sigma). Blots were then probed with the primary antibody in blocking buffer, and subsequently by a secondary antibody conjugated to horseradish peroxidase (1:2000). All blots were washed in TBS with Tween 20 (pH 8.0; Sigma) and developed using the enhanced chemiluminescence (ECL) procedure (Pierce). Blots were routinely stripped by treating with Restore Plus stripping buffer (Pierce) and reprobed with anti-GAPDH or anti-β-actin monoclonal antibodies (Sigma) to serve as loading controls. Anti-rabbit antibody (Santa Cruz) was used as secondary antibody. Densitometry analyses were performed using LI-COR Image Studio version 5.2 software (LI-COR). Data were normalized to levels of GAPDH or β-actin.

Flow cytometry {#s3H}
--------------

Neuronal apoptosis was determined by flow cytometry using the fluorescein isothiocyanate (FITC)--conjugated Annexin V apoptosis kit (Beckman Coulter) according to the manufacturer's instructions. Untreated and cocaine-treated SH-SY5Y cells (1 × 10^6^) were washed in 1× annexin binding buffer and incubated for 15 min with Annexin V (AV)-FITC at 4°C. After two washes with binding buffer, propidium iodide (PI; 100 μg/mL) was added. Thereafter, cells were immediately analyzed by flow cytometry using FACSCalibur (Becton Dickinson). Positive staining of the plasma membrane with AV and lack of concomitant staining of nuclei with PI was measured as apoptosis at an early stage, whereas positive staining of cells with both AV and PI was indicative of apoptosis at later stages.

Knockdown and overexpression of miR-125b in SH-SY5Y cells {#s3I}
---------------------------------------------------------

miR-125b inhibitors/mimics and controls were purchased from GE-Dharmacon. Differentiated SH-SY5Y cells (2 × 10^5^ cells/well) grown in six-well culture plates were transfected with 100-300 pM anti-miRNAs/mimics or scrambled controls using Lipofectamine 3000 (Life Technologies). After transfection, cells were incubated for 48 h at 37°C/5% CO~2~, washed with PBS (1×), and harvested by gentle scraping for RNA and protein isolation.

Luciferase assay {#s3J}
----------------

The luciferase reporter plasmid containing the full-length (763 nt) 3'UTR region of the PARP-1 gene (Genbank accession number: [NM_001618.3](https://www.ncbi.nlm.nih.gov/nuccore/156523967)) cloned downstream of the luciferase ORF in the pMirTarget vector (pPARP-3'UTR) was obtained from OriGene Technologies. To generate the control plasmid (pPARP-Null), the PARP-1 3'UTR insert was removed from pPARP-3'UTR by restriction digestion and the linearized plasmid was blunted using Klenow Polymerase (NEB) and subsequently religated using T4 DNA ligase (Promega). For mutating miR-125b binding site in the PARP-1 3'UTR (pPARP-3'UTRMut), we conducted site-directed mutagenesis using the QuikChange II XL Site-Directed Mutagenesis kit (Agilent Technologies) as per manufacturer's protocol. Differentiated SH-SY5Y cells (4 × 10^4^ cells/well) in a 24-well plate were transfected with either the control plasmid without PARP-1 3'UTR (pmiRTarget) or plasmid harboring the full length PARP-1 3'UTR (pmiRTarget-UTR), or the pPARP3'UTRMut using Lipofectamine 3000 (Invitrogen) and incubated for 48 h. The transfection efficiency was measured by red fluorescence protein (RFP) expression. Transfected cells after treatment were lysed using 1× passive lysis buffer (Promega) and luciferase activity in the cell extracts was measured using a plate reader (BioTek). Samples were assayed in triplicate and the data are shown as luciferase activity normalized to RFP expression.

Animals {#s3K}
-------

All protocols were approved by the Institutional Animal Care and Use Committee at Icahn School of Medicine at Mount Sinai. For all experiments, 9- to 11-week-old C57BL/6J male mice (The Jackson Laboratory) were group housed (five per cage) in a colony room set at a constant temperature (23°C) on a 12/12 h light/dark cycle (lights on from 7 A.M. to 7 P.M.) with *ad libitum* access to food and water. For acute cocaine treatment the mice were injected (i.p.) with cocaine at 20 mg/kg body weight for 1 h while for chronic cocaine treatment the animals received daily i.p. injections for seven consecutive days of cocaine at 20 mg/kg unless otherwise stated. For time course experiments, animals were given daily injections (i.p.) of cocaine (20 mg/kg) and sacrificed on day 2, 4, or 6. Control mice for all groups received saline injections. Bilateral 14-gauge NAc punches were taken from each animal and frozen immediately.

Isolation of total RNA, protein, and immunoprecipitation {#s3L}
--------------------------------------------------------

Total RNA, including miRNA and protein were extracted from NAc, PFC or VTA punches using All-in-One kit (Norgen Biotek) as per the manufacturer's instructions. The isolated total RNA was used to perform miRNA and PARP-1 mRNA expression analyses as described before. The extracted proteins were used for immunoprecipitation. Equal amount of protein extracts were mixed with 1 μl of anti-PARP-1 (46D11) monoclonal antibody (Cell Signaling) in 200 µl of IP buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1.5 mM MgCl~2~, 1 mM EDTA, 2.5 mM EGTA, 0.1%Tween 20, 10% glycerol, and 1 mM DTT) containing protease inhibitors. The mixture was incubated with rotation at 4°C overnight. After which protein G-agarose suspension was added and further incubated with rotation at 4°C overnight. The beads were washed four times with IP buffer. Finally, the beads were resuspended in SDS sample buffer, heated at 95°C for 10 min, and briefly centrifuged. The proteins were separated by electrophoresis and detected by Western blotting.

Statistical analysis {#s3M}
--------------------

Data were expressed as mean ± SD obtained from three independent experiments. Significance of differences between control and treated samples was determined by Student's *t* test. Values of *p* \< 0.05 were considered statistically significant.

Results {#s4}
=======

Cocaine downregulates miR-125b expression in dopaminergic neuronal cell models and in the mouse NAc {#s4A}
---------------------------------------------------------------------------------------------------

Earlier work in our laboratory showed that cocaine treatment resulted in the downregulation of miR-125b expression in lymphocytes ([@B39]). Since miR-125b plays crucial roles in neuronal function ([@B33] and [@B34]), we investigated the effects of cocaine exposure on miR-125b expression in neuronal cells. In initial studies, we used differentiated SH-SY5Y neuroblastoma cells ([Fig. 1*A*](#F1){ref-type="fig"}) that express markers of dopaminergic neurons ([@B20]) such as DAT and TH ([Fig. 1*B*,*C*](#F1){ref-type="fig"}). These cells were treated with varying concentrations of cocaine and miR-125b expression in these cells was measured by qPCR. Cocaine exposure resulted in the reduction of miR-125b expression in a dose-dependent manner relative to the untreated cells ([Fig. 1*D*](#F1){ref-type="fig"}). Cells treated with 1 µM cocaine showed a minimal reduction in miR-125b expression, whereas with 100 µM cocaine, miR-125b level was reduced significantly when compared to the untreated cells ([Fig. 1*D*](#F1){ref-type="fig"}).

![Cocaine exposure downregulates miR-125b expression. SH-SY5Y cells were cultured overnight and then differentiated for 3--5 d. ***A***, Dopaminergic phenotype of these cells was monitored via neurite length measurement by phase-contrast microscopy. ***B***, Western blot analysis of DAT expression in differentiated SH-SY5Y cells. ***C***, DAT and TH expression in differentiated SH-SY5Y cells were detected by confocal microscope. Data are representative of three independent experiments. ***D***, Differentiated SH-SY5Y cells were treated with varying concentrations of cocaine. Cells were harvested and miRNA expression was analyzed by qPCR. miR-125b expression was normalized to the 5S rRNA levels. Relative expression of miR-125b in cocaine-treated cells was compared to the untreated control cells and are plotted as fold change. ***E***, Mice were injected (i.p.) with a single dose of cocaine (20 mg/kg weight of mice) or saline and animals were sacrificed. NAc tissues were used for miRNA isolations and were subjected to qPCR. miR-125b expression was normalized to the 5s rRNA levels and relative expression of miR-125b in the NAc of cocaine-treated mice (*n* = 6) are expressed as fold changes to the NAc of saline-treated mice (*n* = 6). \**p* \< 0.05 for the comparison of cocaine-treated samples versus untreated controls.](enu0041723770001){#F1}

Next, we examined the effects of cocaine exposure on miR-125b expression in a rodent model. Cocaine (20 mg/kg, i.p.) was administered to mice under acute conditions and the NAc, a key reward region of the brain, was isolated to measure miR-125b expression. qPCR analysis showed a significant reduction in miR-125b expression (∼80%) in the NAc of animals exposed to cocaine relative to the saline control animals ([Fig. 1*E*](#F1){ref-type="fig"}). Collectively, the results in [Figure 1](#F1){ref-type="fig"} show that acute cocaine exposure downregulates miR-125b expression in a dopaminergic neuronal cell model and in the NAc of mice.

Cocaine induces PARP-1 expression without eliciting neuronal apoptosis {#s4B}
----------------------------------------------------------------------

miR-125b negatively regulates p53 and a network of p53-induced genes that play critical roles in cellular apoptosis ([@B33] and [@B34]). Therefore, we tested whether downregulation of miR-125b on cocaine treatment resulted in neuronal apoptosis. Differentiated SH-SY5Y cells were treated with increasing concentrations of cocaine and apoptosis was measured by flow cytometry using AV and PI staining. Surprisingly, cells treated with cocaine showed minimal increase in AV or PI staining compared to the untreated cells ([Fig. 2*A*](#F2){ref-type="fig"}). Even in cells treated with the highest concentration of cocaine (100 µM), AV and PI staining remained relatively unchanged indicating minimal induction of neuronal apoptosis. We also measured expression of apoptotic markers such as caspase-9 and PARP-1 in cells treated with cocaine. Western blot analysis of the cellular lysates showed that cocaine treatment has no/minimal effect on the expression of caspase-9 or its cleaved forms (data not shown). Similarly, levels of cleaved PARP-1 remained unchanged in cells treated with or without cocaine ([Fig. 2*B*](#F2){ref-type="fig"}), supporting the data in [Figure 2*A*](#F2){ref-type="fig"} that cocaine exposure has minimal impact on neuronal apoptosis. Unpredictably, cocaine treatment resulted in a significant induction of total PARP-1 expression in these cells ([Fig. 2*B*](#F2){ref-type="fig"}). Densitometry analysis showed a ∼eight to nine fold increase in total PARP-1 expression in cells treated with 100 μM cocaine compared to the untreated cells ([Fig. 2*C*](#F2){ref-type="fig"}). Accordingly, induction of PARP-1 in the NAc of mice has been reported during chronic cocaine administration ([@B54]). Therefore, we examined whether acute exposure of cocaine induced PARP-1 expression in the NAc of mice. Western blot analysis showed that PARP-1 expression was significantly induced in the NAc of mice treated with cocaine compared to the control animals ([Fig. 2*D*,*E*](#F2){ref-type="fig"}). In addition, the levels of cleaved PARP-1 in the NAc was undetectable both in cocaine-treated and -untreated animals. The level of increased PARP-1 in NAc was consistent with the report by [@B54], albeit to a lower degree when compared to the neuronal cells. Nevertheless, results in [Figure 2](#F2){ref-type="fig"} suggest that cocaine-induced downregulation of miR-125b is not associated with neuronal apoptosis and induction of PARP-1 play important roles in the cellular and molecular effects of cocaine that is distinct from its reported role in cellular apoptosis.

![Cocaine exposure induces PARP-1 protein expression without increasing mRNA levels. ***A***, Differentiated SH-SY5Y cells were exposed to different concentrations of cocaine overnight and apoptosis was measured by flow cytometry using AV- as an early apoptosis marker and PI- as the late apoptotic marker. After cocaine treatment, cells were harvested and stained with FITC-conjugated AV/PI and analyzed by flow cytometry. Representative dot blot data showing percentage of cells stained positive for AV, PI, and AV + PI. ***B***, Differentiated SH-SY5Y cells were treated with varying concentrations of cocaine. Cells were harvested, and cell lysates were electrophoresed on denaturing acrylamide gels and transferred onto nitrocellulose membrane by electroblotting. Western blot analyses were performed using appropriate antibody and ECL kit. Representative data of PARP-1 expression in untreated and cocaine-treated cells. ***C***, Densitometry of PARP-1 expression from three independent experiments. ***D***, Mice were injected (i.p.) with a single dose of cocaine (20 mg/kg weight of mice, i.p.) or saline. Animals were sacrificed and NAc was isolated. Lysates prepared from the NAc tissues were subjected to western blot analysis. **(E)** Relative expression of PARP-1 in the NAc of cocaine-treated mice (*n* = 6) compared to the NAc of saline-treated mice (*n* = 6). \**p* \< 0.05 for the comparison of cocaine-treated samples versus untreated controls. **(F)** Differentiated SH-SY5Y cells were treated with varying concentrations of cocaine overnight. Cells were harvested and total RNA was isolated. PARP-1 mRNA expression was measured by qPCR and was normalized to the levels of GAPDH mRNA. PARP-1 mRNA in cocaine-treated cells were expressed as fold changes over the untreated control cells based on ΔΔCt values. ***G***, Mice were injected (i.p.) with a single dose of cocaine (20 mg/kg weight of mice) or saline. Animals were sacrificed and NAc was isolated. Total RNA was isolated from the NAc tissues and were subjected to qPCR. PARP-1 mRNA expression was normalized to the GAPDH mRNA levels and fold changes in PARP-1 mRNA in the NAc of cocaine-treated mice (*n* = 6) over the NAc of saline-treated mice (*n* = 6) were calculated based on ΔΔCt values.](enu0041723770002){#F2}

Cocaine induces PARP-1 expression through a post-transcriptional mechanism {#s4C}
--------------------------------------------------------------------------

PARP-1 expression is regulated transcriptionally by transcription factors Sp1, YY-1, and NF-κB ([@B45]; [@B21]; [@B63]; [@B12]). Thus, to test whether PARP-1-induction by cocaine is transcriptionally regulated, we quantified PARP-1 mRNA levels. Total mRNA from differentiated SH-SY5Y cells and the NAc tissues were subjected to qPCR. Interestingly, qPCR data revealed that PARP-1 mRNA levels were not significantly altered on cocaine treatment ([Fig. 2*F*](#F1){ref-type="fig"}), although total PARP-1 protein levels were significantly increased in cocaine-treated cells ([Fig. 2*B*](#F2){ref-type="fig"}). Similarly, minimal effect in the PARP-1 mRNA expression was observed in the NAc of cocaine-treated mice when compared to the saline-treated animals ([Fig. 2*G*](#F2){ref-type="fig"}). These data suggest that cocaine-induced PARP-1 expression is not dependent on increased transcription and are consistent with the observation that transcriptional regulation does not sufficiently account for the increased PARP-1 expression by chronic cocaine exposure ([@B54]).

PARP-1 expression is post-transcriptionally regulated by miR-125b {#s4D}
-----------------------------------------------------------------

Based on the data in [Figure 2*F*,*G*](#F1){ref-type="fig"}, we envisioned that cocaine treatment induces PARP-1 expression via post-transcriptional mechanism. Although involvement of such mechanism in neuronal cells or by cocaine has not been previously reported, post-transcriptional regulation of PARP-1 has been documented in cancer cells ([@B51]). Interestingly, our data showed that cocaine exposure downregulated miR-125b levels ([Fig. 1](#F1){ref-type="fig"}), concurrent with upregulation of PARP-1 expression ([Fig. 2](#F2){ref-type="fig"}). Since miRNAs negatively regulate protein expression by binding to the 3'UTR of target mRNA ([@B4]), we hypothesized that PARP-1 expression is post-transcriptionally regulated by miR-125b. In initial studies, we employed *in silico* analysis ([@B49]) and identified three putative miR-125b binding sites at the 5'-end of the 3'UTR of PARP-1 mRNA (data not shown). Secondary structural analysis suggest that the site spanning the nucleotides 326-348 position of PARP-1 3'UTR is optimal for miR-125b binding ([Fig. 3*A*](#F3){ref-type="fig"}). Importantly, this putative binding site, but not the other two, is evolutionarily conserved in the PARP-1 3'UTRs of several mammalian species ([Fig. 3*B*](#F3){ref-type="fig"}). Thus, we tested a functional role of miR-125b in PARP-1 expression, by conducting knockdown and overexpression studies using anti-miR and miR-mimic oligonucleotides. Anti-miR-125b or miR-125b mimics were transfected into differentiated SH-SY5Y cells and expression of PARP-1 protein was measured in the cellular lysates by immunoblot. Results from these analyses showed that reducing miR-125b levels increased PARP-1 expression relative to that of the scrambled controls ([Fig. 3*C*](#F3){ref-type="fig"}). Conversely, increasing miR-125b levels by miR-125b mimics markedly reduced PARP-1 protein levels ([Fig. 3*D*](#F3){ref-type="fig"}). These data strongly suggested that miR-125b may serve as a negative regulator of PARP-1 expression in neuronal cells.

![miR-125b expression negatively correlates with PARP-1 protein levels. ***A***, *In silico* analysis predicts putative binding site of miR-125b in the 3'UTR of PARP-1 mRNA. ***B***, Sequence alignment of miR-125b binding site in the 3'UTR of PARP-1 mRNA among different mammalian species. ***C***, upper panel, miR-125b knockdown. Chemically synthesized anti-miR-125b oligonucleotides were transfected into differentiated SH-SY5Y cells and reduction of miR-125b expression was measured 24 h post-transfection by qPCR. ***C***, lower panel, PARP-1 expression in miR-125b knocked-down cells was measured in the cellular lysates by immunoblot. ***D***, upper panel, miR-125b overexpression. Chemically synthesized miR-125b mimic oligonucleotides were transfected into differentiated SH-SY5Y cells and miR-125b expression was measured 24 h post-transfection by qPCR. ***D***, lower panel, PARP-1 expression in miR-125b overexpressing cells was measured in the cellular lysates by immunoblot. Data in ***C***, ***D*** are representative of three independent experiments. \**p* \< 0.05 for the comparison of anti-miR-125b or miR-125b mimic samples versus scrambled controls.](enu0041723770003){#F3}

MiR-125b binds to PARP-1 3'UTR to negatively regulate PARP-1 protein expression {#s4E}
-------------------------------------------------------------------------------

MiRNAs regulate protein translation by primarily binding to the 3'UTR of the target mRNA ([@B3]; [@B26]; [@B36]). Therefore, we examined whether miR-125b binds PARP-1 3'UTR through luciferase reporter assay. We used a vector containing the PARP-1 3'UTR downstream of the luciferase stop codon. The PARP-1 3'UTR construct (pPARP-3'UTR) or the control plasmid (pPARP-Null) was cotransfected into HEK-293T cells with or without miR-125b mimic or anti-miR-125b. Measurement of luciferase activity in the lysates of these cells showed that enhanced miR-125b expression significantly decreased luciferase activity relative to the control cells ([Fig. 4*A*](#F4){ref-type="fig"}). Conversely, reducing miR-125b levels by transfection of anti-miR-125b resulted in a significant increase in luciferase activity ([Fig. 4*B*](#F4){ref-type="fig"}). Since HEK-293T cells do not express endogenous DAT and lack the differentiated neuronal properties, we tested the effects of miR-125b expression on PARP-1 3'UTR activity in differentiated SH-SY5Y cells. Overexpression of miR-125b resulted in a significant reduction in luciferase activity ([Fig. 4*C*](#F4){ref-type="fig"}), whereas knockdown studies of miR-125b enhanced luciferase activity ([Fig. 4*D*](#F4){ref-type="fig"}). These data indicated a negative correlation between miR-125b expression and PARP-1 3'UTR driven luciferase activity.

![miR-125b targets 3'UTR of PARP-1 mRNA. We used a luciferase reporter vector, pPARP-3'UTR, containing the 3'UTR of PARP-1 mRNA cloned downstream of the luciferase stop codon. The pPARP-3'UTR was transfected into HEK-293T cells or differentiated SH-SY5Y cells in the presence or absence of miR-125b mimics or anti-miR-125b. ***A***, Luciferase activity of cellular lysates prepared from HEK-293T cells cotransfected with (pPARP-3'UTR) and scrambled control or miR-125b mimics. ***B***, Luciferase activity in cellular lysates prepared from HEK-293T cells cotransfected with (pPARP-3'UTR) and scrambled control or anti-miR-125b. ***C***, Luciferase activity in cellular lysates prepared from differentiated SH-SY5Y cells cotransfected with (pPARP-3'UTR) and scrambled control or miR-125b mimics. ***D***, Luciferase activity in cellular lysates prepared from differentiated SH-SY5Y cells cotransfected with (pPARP-3'UTR) and scrambled control or anti-miR-125b. ***E***, Site-directed mutagenesis of miR-125b binding site within the PARP-1 3'UTR. Upper panel, PARP 3'UTRMut represents mutation of two critical residues GG \> TT. Lower panel, Luciferase activity in cellular lysates prepared from differentiated SH-SY5Y cells transfected with pPARP 3'UTR and pPARP 3'UTRMut in the presence or absence of miR-125b mimics. \**p* \< 0.05 for the comparison of anti-miR-125b or miR-125b mimic samples versus scrambled controls. ***E***, \*\**p* \< 0.05 for the comparison of miR-125b mimic samples of pPARP-3'UTR versus pPARP-3'UTRMut.](enu0041723770004){#F4}

To probe direct binding of miR-125b to PARP-1 3'UTR, we mutated specific nucleotides in the PARP-1 3'UTR sequence that are predicted to bind miR-125b ([Fig. 4*E*](#F4){ref-type="fig"}). Then, we cotransfected pPARP-3'UTR or the control plasmid (pPARP-Null) in the presence of miR-125b mimic or miR-125b mutant into HEK-293T cells. As expected, luciferase activity measurements showed that overexpression of miR-125b reduced luciferase activity relative to the control cells ([Fig. 4*E*](#F4){ref-type="fig"}). However, enhanced expression of miR-125b in cells cotransfected with the PARP-1 3'UTR mutant did not lead to reduction in luciferase activity ([Fig. 4*E*](#F4){ref-type="fig"}). These data indicated that miR-125b negatively regulates PARP-1 by directly binding to the 3'UTR and support the hypothesis that PARP-1 is post-transcriptionally regulated by miR-125b in neuronal cells.

Cocaine-induced downregulation of miR-125b is dependent on DAT {#s4F}
--------------------------------------------------------------

DAT is well established to play critical roles in the cellular and molecular effects of cocaine addiction and reward ([@B31]). Thus, we examined whether binding of cocaine to DAT is key for the downregulation of miR-125b by using DAT-expressing and DAT-null HEK-293T cells ([Fig. 5*A*](#F5){ref-type="fig"}). These cells serve as appropriate models since they endogenously express miR-125b ([Fig. 5*B*,*C*](#F5){ref-type="fig"}). Exposure of DAT-expressing cells to increasing concentrations of cocaine resulted in a dose-dependent reduction in miR-125b levels ([Fig. 5*B*](#F5){ref-type="fig"}), mirroring the observations with dopaminergic neuronal cells and animal studies ([Fig. 1](#F1){ref-type="fig"}). Interestingly, in DAT-null cells, cocaine exposure did not result in the reduction of miR-125b expression even with the highest dose of cocaine ([Fig. 5*C*](#F5){ref-type="fig"}), suggesting that DAT plays a critical role in the downregulation of miR-125b expression. To further probe the involvement of DAT, we used "nomifensine," a DAT blocker and dopamine uptake inhibitor ([@B16]). Nomifensine treatment alone did not alter miR-125b expression in DAT-expressing cells ([Fig. 5*D*](#F5){ref-type="fig"}). Remarkably, pretreatment of DAT-expressing cells with nomifensine before cocaine treatment significantly abrogated cocaine-induced reduction in miR-125b expression ([Fig. 5*D*](#F5){ref-type="fig"}). Next, we performed the nomifensine pretreatment studies in differentiated SH-SY5Y cells as a model for dopaminergic neurons. Similar to the data in [Figure 5*D*](#F5){ref-type="fig"}, nomifensine treatment did not change miR-125b expression in these cells. However, pretreatment of cells with nomifensine markedly reduced cocaine's effect on miR-125b expression ([Fig. 5*E*](#F5){ref-type="fig"}). Collectively, these data provide strong evidence that miR-125b downregulation is dependent on the binding of cocaine to DAT.

![Cocaine-induced downregulation of miR-125b and concurrent upregulation of PARP-1 is dependent on DAT. ***A***, Detection of DAT in the HEK-293T-DATNull and HEK-293T-DAT cells by immunoblot. Fold change in miR-125b expression in (***B***) HEK-293T-DAT cells and (***C***) HEK-293T-DAT-Null cells on exposure to varying concentration of cocaine relative to untreated cells as measured by qPCR. ***D***, Fold change in miR-125b expression in HEK-293T-DAT cells pretreated with nomifensine. ***E***, ***G***, Differentiated SH-SY5Y cells with or without nomifensine pretreatment were treated with cocaine. ***E***, miR-125b expression was measured in these cells by qPCR. ***F***, PARP-1 expression was measured in the cell lysates by Western blotting. ***G***, Densitometry of PARP-1 expression from three independent experiments. ***H***, Differentiated SH-SY5Y cells were transfected with miR-125b mimics or scrambled controls and then treated with cocaine (50 μM) overnight. PARP-1 expression was measured in the lysates of these cells by immunoblot. Lower panel shows representative data, whereas upper panel shows fold change in PARP-1 expression from three independent experiments. \**p* \< 0.05 for the comparison of cocaine-treated samples versus untreated controls. ***D***, ***E***, ***G***, \*\**p* \< 0.05 for the comparison of cocaine-treated samples versus nomifensine + cocaine-treated samples. ***H***, \*\**p* \< 0.05 for the comparison of cocaine-treated samples versus miR-mimic + cocaine-treated samples.](enu0041723770005){#F5}

Binding of cocaine to DAT regulates miR-125b/PARP-1 axis {#s4G}
--------------------------------------------------------

Our studies with the dopaminergic neuronal cells illustrated that miR-125b expression negatively regulates PARP-1 expression ([Fig. 3](#F3){ref-type="fig"}). Data in [Figure 5*B*,*C*](#F5){ref-type="fig"} showed that downregulation of miR-125b expression is dependent on binding of cocaine to DAT. Based on these observations, we hypothesized that cocaine exposure activates miR-125b mediated regulation of PARP-1 by binding to DAT and inhibition of DAT binding abrogates cocaine's effect on miR-125b/PARP-1 axis. To test this, we treated differentiated SH-SY5Y cells with cocaine and asked whether pretreatment of nomifensine affected cocaine-induced PARP-1 expression. Lysates of cells exposed to cocaine with or without nomifensine pretreatment were subjected to Western blot analysis. As expected cocaine treatment increased PARP-1 expression, whereas nomifensine treatment did not alter PARP-1 levels ([Fig. 5*F*,*G*](#F1){ref-type="fig"}). However, cocaine-induced PARP-1 expression was abrogated in cells that were pretreated with the inhibitor ([Fig. 5*F*,*G*](#F1){ref-type="fig"}). These data provided further evidence that cocaine-induced PARP-1 expression and the concurrent miR-125b downregulation is primarily driven by direct binding of cocaine to DAT. Finally, we tested whether overexpression of miR-125b abrogates cocaine's effect on PARP-1 expression. miR-125b mimics were transfected into differentiated SH-SY5Y cells and overexpression of miR-125b was confirmed by qPCR (data not shown). Then, these cells were treated with cocaine (50 µM) overnight and PARP-1 expression was measured by immunoblot. Results in [Figure 5*H*](#F5){ref-type="fig"} show that cocaine treatment induced PARP-1 expression in control cells (lane 2 and lane 4). However, miR-125b overexpression inhibited induction of PARP-1 on cocaine treatment (lane 3). These observation strongly support the hypothesis that cocaine's effect on PARP-1 expression is regulation by miR-125b

Chronic cocaine exposure activates miR-125b/PARP-1 axis {#s4H}
-------------------------------------------------------

Our results showed that acute cocaine exposure downregulates miR-125b leading to the upregulation of PARP-1. It has also been reported that chronic cocaine exposure upregulates PARP-1 expression in NAc of mice ([@B54]). Therefore, we examined whether cocaine targets miR-125b under chronic exposure conditions both *in vitro* and *in vivo*. Differentiated SH-SY5Y cells were exposed to cocaine (50 μM) for 7 d. To reduce degradation of cocaine in the culture media, we used heat-inactivated serum in the media. qPCR analysis showed that chronic cocaine exposure resulted in a dose-dependent reduction in miR-125b expression ([Fig. 6*A*](#F6){ref-type="fig"}). In addition, Western blot analysis illustrated increased PARP-1 levels in cocaine exposed neuronal cells without significant change in the cleaved form ([Fig. 6*B*,*C*](#F6){ref-type="fig"}). Similarly, cocaine was administered to mice under chronic conditions (7 d with one dose daily) and NAc regions of mice either treated with cocaine or saline were isolated. Total RNA and protein were isolated from NAc for analyses of miR-125b and PARP-1 expression, respectively. We observed that, similar to the acute cocaine treatment, chronic cocaine exposure significantly downregulated miR-125b expression in NAc compared to saline-treated mice ([Fig. 6*D*](#F6){ref-type="fig"}). Moreover, we also observed increased PARP-1 protein levels in the NAc of mice exposed to chronic cocaine treatment albeit accompanied by a slight increase in cleaved PARP-1 level ([Fig. 6*E*,*F*](#F6){ref-type="fig"}).

![Chronic cocaine exposure reduces miR-125b expression and upregulates PARP-1 expression. ***A--C***, Differentiated SH-SY5Y cells were treated daily with varying concentrations of cocaine for 7 d. Cells were harvested, and miR-125b expression was measured by qPCR (***A***), whereas PARP-1 expression was detected by Western blotting (***B***, ***C***). ***A***, miR-125b expression was normalized to 5S rRNA levels and plotted as fold changes in miR-125b expression in cocaine-treated cells relative to untreated control. ***B***, Representative immunoblot of PARP-1 expression in control and cocaine-treated cells. ***C***, Relative PARP-1 expression in cocaine-treated cells and untreated cells as quantified by densitometry from three independent experiments. ***D-F***, Mice were injected (i.p.) with cocaine (20 mg/kg weight of mice) or saline for 7 d. Thereafter, animals were sacrificed and NAc was isolated. RNA and lysates from the NAc tissues were subjected to qPCR and Western blotting, respectively. ***D***, miR-125b expression was normalized to the 5s rRNA levels and relative expression of miR-125b in the NAc of cocaine-treated mice (*n* = 6) compared to the NAc of saline-treated mice (*n* = 6) are expressed as fold changes. ***E***, Representative immunoblot showingPARP-1 expression in the NAc of cocaine-treated mice and saline-treated control mice. ***F***, Relative expression of PARP-1 in the NAc of cocaine-treated mice (*n* = 6) compared to the NAc of saline-treated control mice (*n* = 6) based on densitometry analysis. \**p* \< 0.05 for the comparison of cocaine-treated samples versus untreated controls.](enu0041723770006){#F6}

To better understand the effects of cocaine exposure on miR-125b and PARP-1 expression, we conducted time course analysis of miR-125b downregulation and PARP-1 induction on cocaine treatment. Animals were given daily injections of cocaine (20 mg/kg) and sacrificed on day 2, 4, and 6. NAc was isolated and analyzed for miR-125b and PARP-1 expression. qPCR data showed that miR-125b expression remained downregulated throughout the 6 d of cocaine administration ([Fig. 7*A--C*](#F7){ref-type="fig"}). Immunoblot analysis revealed that PARP-1 expression was consistently upregulated during treatment period ([Fig. 7*D-F*](#F7){ref-type="fig"}). Taken together, these results illustrate that cocaine-induced downregulation of miR-125b is associated with increased levels of PARP-1 expression both under acute and chronic conditions.

![Time-dependent effects of cocaine exposure on miR-125b and PARP-1 expression in NAc. Mice were injected (i.p.) with cocaine (20 mg/kg weight of mice) or saline for 2, 4, and 6 d. Thereafter, animals were sacrificed, and NAc regions were isolated. RNA and lysates from the NAc tissues were subjected to qPCR and Western blotting for measuring miR-125b and PARP-1 expression, respectively. ***A--C***, Fold changes in miR-125b expression in cocaine-treated (n = 6) and saline-treated control (n = 6) animals on (***A***) day 2, (***B***) day 4, and (***C***) day 6. ***D--F*,** PARP-1 protein expression in the NAc tissues was analyzed by immunoblot and subjected to quantification by densitometry. Upper panels show representative data of PARP-1, whereas lower panels show densitometry of PARP-1 expression from cocaine-treated mice (*n* = 6) and saline-treated control animals (*n* = 6). Fold changes in PARP-1 expression in cocaine-treated mice and saline-treated controls as measured by densitometry of immunoblots of samples on (***D***) day 2, (***E***) day 4, and (***F***) day 6. \**p* \< 0.05 for the comparison of cocaine-treated samples versus untreated controls.](enu0041723770007){#F7}

Effects of cocaine exposure on miR-125b and PARP-1 in the VTA and PFC {#s4I}
---------------------------------------------------------------------

To examine whether cocaine regulates miR-125b and PARP-1 expression specifically in the NAc, we tested the effects of cocaine in other regions of the brain's reward pathway including VTA and PFC. Cocaine (20 mg/kg) was administered to mice under acute and chronic conditions and the VTA and PFC were isolated. RNA and protein preparations of these tissues were subjected to qPCR and immunoblot analysis to measure miR-125b and PARP-1 expression, respectively. Data from these analysis revealed that both acute and chronic cocaine treatment minimally affected miR-125b expression ([Fig. 8*A*](#F8){ref-type="fig"}) and PARP-1 expression ([Fig. 8*B*,*C*](#F8){ref-type="fig"}) in PFC. However, in the VTA, while PARP-1 expression was not affected ([Fig. 8*E*,*F*](#F8){ref-type="fig"}), miR-125b levels were significantly elevated by acute and chronic cocaine treatment ([Fig. 8*D*](#F8){ref-type="fig"}). These results suggest that miR-125b levels is not negatively correlated with PARP-1 expression in the VTA. Still, these results show that a marked effect on the downregulation of miR-125b and PARP-1 induction is largely restricted to the NAc after acute and chronic cocaine exposure.

![Effects of cocaine exposure on miR-125b and PARP-1 expression in PFC and VTA. Mice were injected (i.p.) with cocaine (20 mg/kg weight of mice) or saline under acute and chronic conditions. Thereafter, animals were sacrificed and PFC (***A--C***) and VTA (***D--F***) were isolated. RNA and lysates from the tissues were subjected to qPCR and Western blotting for measuring miR-125b and PARP-1 expression, respectively. Fold changes in miR-125b expression in (***A***) the PFC and (***D***) the VTA of cocaine-treated animals and saline-treated control animals were calculated. PARP-1 expression in (***B***) the PFC and (***E***) the VTA of cocaine-treated mice and saline-treated controls as measured by immunoblot. Fold changes in PARP-1 protein expression in (***C***) the PFC and (***F***) the VTA of cocaine-treated mice (*n* = 6) compared to saline-treated control mice (*n* = 6). \**p* \< 0.05 for the comparison of cocaine-treated samples versus untreated controls.](enu0041723770008){#F8}

Discussion {#s5}
==========

Cocaine-induced alterations in cellular miRNA expression and subsequent post-transcriptional regulation of gene expression in specific brain regions are well documented ([@B24]; [@B10]; [@B62]; [@B13]). In the mesolimbic dopaminergic system, chronic cocaine administration downregulates expression of let-7d and miR-124 while upregulating miR-181a ([@B7]; [@B8]), Accordingly, in the dorsal striatum, cocaine exposure upregulates miR-212 along with its homolog miR-132 ([@B25]). In the hippocampus, cocaine upregulates miR-181a ([@B7]) and several other miRNAs, including miR-134, miR-152, and miR-26b ([@B10]). A set of miRNAs were also shown to be specifically modulated in the striatal post-synaptic densities (PSDs; [@B15]). Altered expression of these cellular miRNAs has been demonstrated to play functional roles in cocaine reward and addiction. Results described in this report provide evidence that miR-125b is important for cocaine's action in the brain.

MiR-125b is highly expressed in the mammalian brain and regulates several key functions including neuron survival, differentiation, and synaptic plasticity ([@B32]; Le et al., 2009). Previous work from our laboratory has demonstrated that cocaine downregulates miR-125b expression in human CD4+ T cells ([@B39]). In this study, we report that both acute and chronic cocaine exposure downregulates miR-125b expression in an *in vitro* model of dopaminergic neuronal cells and *in vivo* in the NAc region of mice ([Fig. 1](#F1){ref-type="fig"}). Although downregulation of miR-125b is well established to activate cellular apoptotic pathway ([@B33] and [@B34]), exposure of cocaine did not induce neuronal apoptosis as measured by AV/PI staining and cleavage of PARP-1 ([Fig. 2](#F2){ref-type="fig"}). Surprisingly, a significant increase in the total PARP-1 protein was observed in response to cocaine exposure both *in vitro* ([Fig. 2](#F2){ref-type="fig"}) and *in vivo* ([Fig. 6](#F6){ref-type="fig"}). These results are in accordance with the reported induction of PARP-1 protein levels in NAc on chronic cocaine administration ([@B54]).

PARP-1 is a highly conserved nuclear enzyme that plays a central role in cellular stress response, DNA damage, and repair ([@B37]; [@B42]; [@B51]). PARP-1 also regulates cellular gene expression ([@B17]; [@B58]), since activation of PARP-1 results in the addition of negatively charged PAR (aka PARylation) to histones that induce chromatin remodeling ([@B30]; [@B60]). Because of these essential roles, PARP-1 is also involved in neuronal function, learning and memory ([@B19]; [@B11]; [@B17]; [@B59]). For example, recent evidence suggests that PARP-1 and PARylation play crucial roles in cocaine induced molecular, neural, and behavioral plasticity ([@B54]; [@B53]). Yet, the cellular mechanisms that regulate PARP-1 expression are poorly defined. There is evidence that PARP-1 expression is transcriptionally regulated by transcriptional factors such as Sp1, YY1, AP-2, ETS, and NF-1 ([@B45]; [@B21]; [@B63]; [@B12]). Accordingly, *in silico* studies of the PARP-1 promoters of several mammalian species predicted potential binding sites of several other transcriptional factors ([@B45]; [@B21]; [@B63]; [@B12]). Interestingly, in cancer cells, PARP-1 expression has been reported to be post-transcriptionally regulated by miR-124 ([@B64]). Similarly, a negative correlation between miR-223 expression and PARP-1 mRNA levels was also observed ([@B40]). However, the cellular and molecular determinants that regulate PARP-1 expression in neurons are largely unknown.

We provide strong evidence that PARP-1 is post-transcriptionally regulated by miR-125b in neuronal cells. We observed that PARP-1 induction is correlated with reduction in miR-125b expression both in dopaminergic neuronal cultures and NAc of mice by acute and chronic cocaine exposure ([Figs. 1](#F1){ref-type="fig"}*E*,*F*, [6](#F6){ref-type="fig"}*A*,*E* ). Interestingly, our qPCR analysis showed that cocaine exposure minimally increased PARP-1 mRNA levels ([Fig. 2*F*,*G*](#F1){ref-type="fig"}), similar to the observations by *Scobie et. al.* that induction of PARP-1 protein expression by cocaine is not entirely dependent on increase in mRNA levels ([@B54]). These observations led us to hypothesize that cocaine-mediated downregulation of miR-125b is the key driver of the increased PARP-1 expression through post-transcriptional mechanism(s). Initial *in silico* analysis predicted a binding site of miR-125b in the 3'UTR sequence of PARP-1 that is conserved in several mammalian species ([Fig. 3*A*,*B*](#F3){ref-type="fig"}). Genetic experiments demonstrated that altering miR-125b levels either by anti-miRs or miR-mimics negatively correlated with PARP-1 protein expression in neuronal cells ([Fig. 3*C*,*D*](#F3){ref-type="fig"}). Subsequently, luciferase reporter based analysis revealed that miR-125b targets the 3'UTR region of PARP-1 mRNA ([Fig. 4*A-D*](#F4){ref-type="fig"}). Finally, specific mutations in the 3'UTR of PARP-1 confirmed that miR-125b directly binds to PARP-1 3'UTR to inhibit protein translation ([Fig. 4*E*](#F4){ref-type="fig"}). These results identify miR-125b as a key post-transcriptional/translational regulator of PARP-1 expression in neuronal cells.

Differential regulation of miRNAs in brain reward regions in response to cocaine has been reported by several laboratories ([@B7]; [@B15]; [@B23]). Accordingly, we observed downregulation of miR-125b and induction of PARP-1 by cocaine in a region specific manner. Cocaine exposure reduced miR-125b levels and enhanced PARP-1 expression primarily in the NAc ([Figs. 1](#F1){ref-type="fig"}*E*, [2](#F2){ref-type="fig"}*D*,*E* ) but not in the PFC ([Fig. 8*A--C*](#F8){ref-type="fig"}). PARP-1 expression also remained unchanged in the VTA region in response to cocaine ([Fig. 8*E*,*F*](#F8){ref-type="fig"}). However, increased levels of miR-125b were observed in VTA on cocaine treatment ([Fig. 8*D*](#F8){ref-type="fig"}). The lack of negative correlation between miR-125b expression and PARP-1 levels in the VTA suggested alternative regulatory mechanism(s) in this region of the brain. It is well recognized that regionally selective gene expression patterns drive the behavioral changes involved in drug addiction and reward ([@B43]). One of the hallmark effects of cocaine-induced behavioral changes are mediated by alteration in structure and function of medium spiny neurons (MSNs) and their inputs ([@B35]; [@B1]). These alterations are dependent on localized *de novo* protein synthesis at specific synapses that modulate dendrite morphology ([@B52]). Cocaine-responsive miRNAs have been identified that could possibly regulate dendritic morphology and long-lasting cocaine mediated synaptic plasticity ([@B52]; [@B38]; [@B18]). For example, overexpression of miR-125b induced formation of long thin spines, while reduced miR-125b increases the width of dendritic spines. ([@B14]). Thus, reduced miR-125b levels in the NAc by cocaine treatment may regulate dendritic spine formation. In addition, PARP-1 expression in NAc after chronic cocaine administration was shown to modulate dendritic plasticity via targeting sidekick-1 (SDK1; [@B54]; [@B53]). Therefore, miR-125b alone or by upregulating PARP-1 expression may regulate dendritic spine structure that plays important role in the behavioral response to cocaine addiction.

The rewarding and reinforcing effects of cocaine are mediated primarily by dopaminergic neurotransmission ([@B31]). Cocaine inhibits reuptake of dopamine by binding to DAT ([@B5]) resulting in an increased levels of extracellular dopamine that stimulates reward pathways in the brain ([@B28]). In addition, mice that express a cocaine insensitive DAT variant do not elevate extracellular dopamine levels as compared to wild type mice and do not exhibit cocaine-induced reward ([@B46]; [@B61]). Since DAT is central to cocaine action, we probed whether binding of cocaine to DAT is essential for the downregulation of miR-125b. To test this, we used the DAT blocker- nomifensine ([@B16]). Nomifensine serves as an excellent probe to study DAT, since this compound binds to a pocket on DAT that is believed to be not targeted by cocaine ([@B56]). Due to this differential binding, the neuroadaptive molecular changes induced by nomifensine, have been suggested to cause limited abuse potential compared to cocaine ([@B56]; [@B27]). For example, up-regulation of DAT in caudate putamen and NAc was observed only with cocaine but not with nomifensine ([@B27]). This was also substantiated in our studies, wherein cocaine exposure resulted in the downregulation of miR-125b in DAT expressing cells while nomifensine had no effect ([Fig. 5*D*](#F5){ref-type="fig"}). These properties of nomifensine enabled us to specifically demonstrate that binding of cocaine to DAT is critical for the downregulation of miR-125b. We observed that pretreatment of nomifensine to dopaminergic neuronal cells, abrogated both cocaine's effect on miR-125b expression ([Fig. 5*E*](#F5){ref-type="fig"}), and cocaine-induced enhancement of PARP-1 protein expression ([Fig. 5*F*,*G*](#F1){ref-type="fig"}). We further confirmed the role of DAT in cocaine-induced downregulation of miR-125b, by using HEK-293T cells that stably express DAT and endogenously express miR-125b ([Fig. 5*B*](#F5){ref-type="fig"}). Whether this dependence on DAT in a neuronal cell model will also be applicable *in vivo* and the DAT-dependent downregulation of miR-125b is dependent on increased levels of dopamine are currently being investigated. Nevertheless, it is plausible that the role of DAT on miR-125b/PARP-1 axis in the neuronal cells could be attributed to local variability in extracellular dopamine levels.

In conclusion, we have demonstrated a post-transcriptional mechanism of regulation of PARP-1 expression via miR-125b. The persistent downregulation of miR-125b in the NAc during acute and chronic cocaine treatment suggest the importance of this brain enriched miRNA in cocaine-induced response. Thus, understanding the biology of miR-125b may advance the cellular and molecular mechanisms of cocaine addiction and reward.

Synthesis {#s6}
=========

Reviewing Editor: Leonidas Stefanis, Biomedical Research Foundation of the Academy of Athens

Decisions are customarily a result of the Reviewing Editor and the peer reviewers coming together and discussing their recommendations until a consensus is reached. When revisions are invited, a fact-based synthesis statement explaining their decision and outlining what is needed to prepare a revision will be listed below. The following reviewer(s) agreed to reveal their identity: Lindsay De Biase

A major concern was the paucity of in vivo data. In order for us to reconsider the manuscript, you would have to provide time course and regional data showing the pattern of expression of miR125b and PARP-1 in different brain regions and at various time points following cocaine administration. Furthermore, you would need to address the concerns of the reviewers regarding statisctics, presentation of results, and overstatmenet of the results in the discussion section, as detailed in the reviewers\' comments below.

Reviewer 1: The authors provide firm evidence that PARP-1 is post-transcriptionally regulated by miR125b using cell line experiments. Rodent studies strengthen the findings that both acute and 7 days of cocaine produce similar effects. The potential mechanism of action via 3\'-UTR binding adds additional support. Whether these molecular changes are involved in the behavioral actions of cocaine is currently unknown and will be addressed in future studies. Overall, the studies are well designed and executed. The results add to our understanding of PARP1 regulation. However, the authors overstate their results and make claims that are unsupported. These points should be addressed adequately.

The authors mention in the significance section that due to their work PARP-1 can be used for therapeutic intervention in neurological disorders. This statement is very premature as they do not have any toxicity, behavioral, pharmacokinetic or pharmacodynamic data to support such a weighty claim.

What is the time course of PARP-1 protein induction in the animal studies? How many min/hours after drug treatment?

The author\'s claim that they provide evidence that miR125b is critical for cocaine\'s actions on the CNS (statement in Discussion), but no such experiment was performed by them. Was the miR manipulated in vivo, followed by testing to examine response to cocaine?

Minor: PARP-1 is spelled as PAPR-1 in Fig. 4 legend caption.

Reviewer 2:

1\. The way in which qPCR data are quantified and displayed throughout the paper is confusing and inconsistent. Given that this is a key technical approach on which many of the paper\'s conclusions rely, the methods need to more clearly and extensively describe how data are quantified and the y-axes on all qPCR graphs need to be labeled with clear information about what is being displayed. For qPCR data, expression levels (Ct) of target gene are typically normalized to expression levels (Ct) of a housekeeping gene (GAPDH or similar, referred to as deltaCt). The relative expression level of the target gene across multiple samples can then be displayed as 2-deltaCt. In this case, the y-axis should be labeled \"relative expression level, a.u.\" for arbitrary units. Instead, if one wants to calculate fold change of gene expression in treated samples compared to control, this is computed by subtracting deltaCt of treated from deltaCt of control and is then graphed as 2-delta delta Ct. In this case, the y-axis should be labeled \"fold change treated over control\" or similar. When displayed in this way, expression levels of untreated cells or saline injected animals should be 1 and cocaine treated cells or animals should have positive or negative fold changes in target gene expression relative to these controls.

The methods of the present manuscript would seem to indicate that all qPCR data are expressed as fold change (2-delta delta Ct of treated relative to control groups). However, in figure 1D,E, figure 3C,D, figure 5E, and figure 6A,E, graphs are shown as though fold changes have been calculated relative to cocaine treated samples. Or perhaps these are actually relative expression levels (2-deltaCt) but not appropriately labeled as such? Instead, in figure 2F,G and figure 6B, qPCR expression levels seem to be displayed as % of control value, with controls being 100% and treated cells or animals being a lower or higher %. If these are fold changes that are being displayed as % of control expression level, this is somewhat unconventional. Some of the qPCR graphs have \"normalized\" on the y-axis but it is unclear what is meant by normalized. In figure 6 - it is unclear what the difference is between A and B. They both show qPCR results of miR-125b levels in SH-SY5Y cells after chronic cocaine treatment but A shows \"expression of treated cells relative to control\" and B shows \"fold change of treated cells relative to control from 3 independent experiments\". This would seem to indicate that both are showing fold change. But perhaps A is showing \"relative expression of miR-125b in control and cocaine-treated cells\" (2-deltaCt) and B is showing \"fold change of miR-125b expression in cocaine-treated cells over control\" (2-delta delta Ct) but is graphed as % of control expression level?

2\. It is not clear whether the appropriate statistical tests have been used to determine whether observed effects are significant. The authors need to more fully describe statistical approaches used in the methods and report statistical analyses more fully in the figure legends. The methods say that one way ANOVA was used to determine significance in dose dependent experiments (presumably data in figure 1D, 2F,C, 5B,C). However, ANOVA F and P values are not reported in the text or the figure legends. The asterisks and P-values reported in the figure legends appear to refer to specific individual comparisons presumably made with t-test (though this is not explicitly stated). But the methods do not describe what posthoc tests were performed after ANOVA and what approaches, if any, were used to correct for multiple comparisons. All of the experiments presented in the paper can be appropriately analyzed using one-way ANOVA or student\'s T-test. Yet, the methods state that aside from one-way ANOVA used in dose-response experiments, two-way ANOVA was used for other experiments. There don\'t appear to be any experiments in this manuscript in which analysis with two-way ANOVA would be appropriate.

3\. miR-125b regulation of PARP-1 could be relevant for shaping gene expression and cellular status in a number of contexts and there are many ways in which the authors could expand our understanding of the functional relevance of this molecular interaction. In this manuscript, they choose to focus on whether this molecular interaction is relevant for cocaine-induced changes in PARP-1 levels. However, a causal link between miR-125b and cocaine-induced changes in PARP-1 levels in vivo is not demonstrated and they do not provide any evidence that miR-125b (or PARP-1) play a role in cocaine-induced changes in neuronal physiology or behavior. They instead refer to a single publication that indicates that PARP-1 increases in the NAc are relevant for cocaine-induced behaviors. If the authors are particularly intent on studying miR-125b/PARP-1 interactions in the context of cocaine exposure, they should provide some additional evidence that miR-125b plays a critical role in regulating PARP-1 changes induced by in vivo cocaine exposure. Some experiments that would strengthen the claim that miR-125b is relevant for understanding changes in neuronal function / behavior following in vivo cocaine exposure could be:

\- Does overexpression of miR-125b in the NAc block cocaine\'s ability to increase PARP-1 expression? This could be accomplished using viral vectors and stereotaxic injection in the NAc. Such mice could also potentially be used to see if miR-125b overexpression alters basic cocaine induced behaviors such as locomotor sensitization or conditioned place preference. Alternatively, viral approaches could be used to knock-down miR-125b within the NAc and evaluate whether this leads to increases in PARP-1 protein and occlusion of cocaine\'s ability to increase PARP-1 in the NAc.

\- In which cell types are cocaine-induced changes in miR-125b and PARP-1 taking place in vivo? Many of the hallmark cocaine-induced changes in behavior are mediated by alterations in the structure and function of medium spiny neurons and their inputs. Indeed, Scobie et. al 2014 provided evidence that PARP-1\'s role in cocaine-induced behavior changes was via alteration of MSN gene expression, leading to changes in dendritic spine structure. Can it be shown that in vivo cocaine exposure leads to miR-125b decreases and PARP-1 increases in MSNs? In situ hybridization approaches could be used to show that miR-125b is expressed in MSNs and decreased by in vivo cocaine exposure. Similarly, immunostaining approaches could be used to examine PARP-1 levels in MSNs following in vivo cocaine exposure. Alternatively, FACS-isolated MSNs could be used for qPCR quantification of miR-125 and, potentially, western blot experiments for PARP-1 after saline or cocaine injections. (One complication for this line of experimentation is that MSNs are not DAT-expressing cells, so the authors would need to re-evaluate whether cocaine binding to DAT is also required in vivo for downregulation of miR-125b).

\- The time course over which cocaine-induced changes in MSN structure and function and over which cocaine-induced behaviors emerge are well described. How does this align with cocaine-induced changes in miR-125b in vivo? What is the time course and dose response of decreases in miR-125b in NAc that are induced by in vivo cocaine exposure? Is this phenomena observed over the same range of cocaine doses that are known to be relevant for behaviors such as locomotor sensitization and CPP? How soon after cocaine exposure are miR-125b decreases observed and how long do they last?

\- How regionally specific are decreases in miR-125b that are induced by in vivo cocaine exposure? If miR-125b downregulation and ensuing PARP-1 upregulation play a key role in cocaine-induced changes in neuronal function and behavior, and these phenomena are dependent on cocaine binding to DAT, one might expect these changes to be much more prominent within nuclei of the mesolimbic dopamine system than in some comparison brain region where dopamine elevations and cocaine-induced changes in neuronal function are not as apparent.

4\. The proposed mechanism that cocaine binding to DAT is required for miR-125b\'s effect on PARP-1 is complicated to interpret when applied to the in vivo setting. Scobie et al. 2014 indicate that PARP-1 contributes to cocaine-induced behaviors through binding to DNA and altering expression of target genes within the NAc. In the NAc, DAT expression is limited to the terminals of dopamine-producing neurons that project to this nucleus from the ventral tegmental area. If the model is that cocaine binding to DAT causes down-regulation of miR-125b and increases in PARP-1 only within the DAT-expressing cells, we would be expecting miR-125b/PARP-1 alterations in the DA neuron terminals within the NAc. Stable expression of miRNAs has been reported in axons and nerve terminals (see Natera-Naranjo 2010 RNA), but this doesn\'t explain how this would then lead to PARP-1 mediated changes in gene expression within neurons that reside in the NAc. On the other hand, if the model is that cocaine binding to DAT causes non-cell autonomous changes in miR-125b / PARP-1 expression (potentially through elevations in extracellular dopamine), one would expect any DAT blocker, including nomifensine, to lead to miR-125b downregulation in the NAc. The discussion needs to address how the authors envision that the molecular interactions they find in vitro will be taking place in vivo.

Minor concerns:

1\. Different modes of cocaine administration can cause different cellular and molecular changes within mesolimbic dopamine circuits. What changes are observed also depend on what time point after drug administration is examined. For all in vivo experiments, it should always be specified in the text of the results or in the figure legends how cocaine was administered (i.p. or s.c. injection) and when tissue was collected following that injection (6 hours later? 24 hours later? 24 hours after the final injection?).
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